Abstract: Flexible fibre supercapacitors were fabricated by wet-spinning from carbon nanotube/carbon black dispersions, followed by straightforward surface treatments to sequentially deposit MnO2 and PEDOT:PSS to make ternary composite fibres. Dip coating the fibres after the initial wet-spinning coagulation creates a simple solution-based continuous process to produce fibre-based energy storage. Well-controlled depositions were achieved and have been optimised at each stage to yield the highest specific capacitance. A single ternary composite fibre exhibited a specific capacitance of 351 F g-1. Two ternary composite fibre electrodes were assembled together in a parallel solid-state device, with polyvinyl alcohol/H3PO4 gel used as both an electrolyte and a separator. The assembled flexible device exhibited a high specific capacitance of 51.3 F g-1 with excellent both charge-discharge cycling (84.2% capacitance retention after 1000 cycles) and deformation cycling stability (82.1% capacitance retention after 1000 bending cycles). 
INTRODUCTION
Wearable electronic devices have attracted much attention in recent years because of their widespread applicability from personal electronics, to healthcare applications such as sensors, actuators, transistors, fuel cells and solar cells [1, 2] . To be truly wearable, lightweight and flexible energy storage is essential to power such electronics. Fibre-shaped electrodes are emerging as a versatile design for wearable applications since they can be easily incorporated into clothing [3] . Applications of fibre-based electrodes in the storage of energy include examples of battery [4] and supercapacitor devices [5] . Among them, supercapacitors were deemed as the most promising devices for wearable electronics due to the long cycling life, high power density, fast charge-discharge capability and safe operation [6] .
Studies on fibre-based supercapacitors have mainly focused on the development of novel electrode materials that can be formed as a fibre as they have a critical impact on the electrochemical performance of the supercapacitor [7, 8] . Carbon nanomaterials (typically, carbon nanotubes (CNT) or graphene) have many properties that make them suitable for wearable electrodes including being lightweight and possessing high mechanical strength together with good electrical conductivity that permits fast charge transport. However, they show some drawbacks that limit their applicability like low capacitance values, slow production rates or high cost [6, 9] . For such reasons, recent progress in fibre-based supercapacitors has focused on the fabrication of multi-component composite fibres due to their enhanced properties. Thus, carbon-carbon composite fibres have shown improved energy storage properties over their single component counterparts. The introduction of other nanostructured carbons (ordered mesoporous carbons, graphenes) into CNT fibres combines the advantages of both materials [10] . Examples of fibres made from different carbons include a reduced graphene oxide (rGO)/CNT fibre [11] , hybrid CNT/ ordered mesoporous carbon fibre [10] and CNT/graphene yarn [12] to mention but a few. On the other hand, combining pseudocapacitive materials such as transition metal oxides or conducting polymers with nanostructured carbons results in excellent supercapacitors due to the synergistic effects of increased electrical conductivity and specific capacitance [13] . Among metal oxides, the natural abundance of MnO 2 renders it a highly sustainable resource for next generation energy storage devices. In many cases, the metal oxide and conducting polymer are electrochemically deposited onto the carbon-based fibre [13] . Normally, these pseudocapacitive materials are grown in the fibre surface layer, forming a core-shell structure, and the core does not participate in loading. In this circumstance, the core carbon fibre just acts as a fibre scaffold and current collector while the pseudocapacitive shell contributes to the majority of energy storage. The drawback of such strategy is that increasing the thickness of active materials reduces the accessible surface area of the pseudocapacitive materials. Therefore, the incorporation of active materials into the fibre represents a real alternative as the ion and electron transportations are facilitated. Flexible fibres with higher psuedocapacitive material contents and excellent capacitance values are obtained [16] [17] [18] [19] . However while such a combination of materials and strategy can yield excellent charge storage capabilities, the steps involved in fibre formation are complex and not easily scalable.
For this reason, the second point of interest is the selection of an appropriate technique not only to improve fibre structure by increasing the specific surface area but also with potential scalability for practical engineering applications. Wet-spinning is a very suitable approach for the macroscale assembly of carbon nanomaterials into continuous and large-scale fibres [20, 21] . In this work, we are combining two different carbon nanomaterials -carbon black and CNT-to prepare the fibres for various reasons: (i) the possible synergistic effect between both nanomaterials resulting in an improvement of the electrochemical, electrical, etc properties of the fibre, (ii) the possibility to have a more open structure in the fibre because of the different aspect ratio of the nanomaterials (spheres and tubes) and (iii) the reduction of total cost of the supercapacitor device because the lesser cost of carbon black. On the other hand, post-spinning solution deposition processes can be easily combined with the wet spinning process to get multimaterial fibres with better energy storage performance.
Consequently, there is still challenging for the development of high-performance wet-spun multimaterial fibre-based supercapacitors.
Here we present a process involving wet-spinning of CNT-carbon black fibres, which were chemically coated with MnO 2 followed by dip-coating with PEDOT:PSS (poly (3,4- ethylenedioxythiophene)-poly(styrenesulfonte) to create a ternary composite fibre-based supercapacitor with high specific capacitances. Carbon back was wet-spun together with CNTs with a view to improve the electrochemical and electrical properties of the fibre and also reduce the total cost of the supercapacitor. After that, manganese dioxide was first introduced into the fibres by chemical reduction of KMnO 4 in order to improve capacitance.
The resulting fibres were dip-coated with PEDOT:PSS to improve capacitance and electrical conductivity of the fibres. Finally, two ternary composite fibre electrodes were assembled together in a parallel solid-state supercapacitor, with polyvinyl alcohol/H 3 PO 4 gel used as both an electrolyte and a separator. The resulting device showed good capacitance values and cycle life with little change observed after multiple bendings.
EXPERIMENTAL

Chemicals
Carbon black and carbon nanotubes were purchased from Timcal Graphite & Carbon and Nanocyl, respectively. Chitosan powder, acetic acid (99.8%), sodium dodecyl benzene sulfonate (SDBS), phosphate buffered saline (PBS), polyvinyl alcohol (PVA), phosphoric acid and PEDOT:PSS pellets were obtained from Sigma Aldrich. Potassium permanganate (KMnO 4 ) was obtained from Acros Organics and ethanol from Fisher Chemicals.
Preparation of fibres
Carbon nanomaterial-based fibres were prepared by wet spinning. Briefly, wet spinning involves the dispersion of the different carbon nanomaterials in a fluid, extruded out of a spinneret into a coagulation bath that causes the fibre to precipitate, and then solidifies as it emerges. The dispersions were prepared by mixing different amounts of carbon black and carbon nanotubes, but the total concentration was always kept constant at 0.1 wt.%. The concentration of the dispersant was also kept constant at 0.15 wt.%. The dispersions were sonicated in a horn sonicator for 30 min. The amplitude, power and frequency were 30 %, 500 W and 20 kHz, respectively. During sonication, the dispersion was immersed in a water/ice bath in order to avoid overheating. The wet-spinning parameters were as follows: 10 ml/min for dispersion injection into the coagulation bath (0.25 wt.% chitosan + 0.5 wt.% acetic acid solution). The coagulation bath was rotated at 50 rpm. Quasi-solid-state supercapacitors were prepared by placing two ternary composite fibres (5 cm long) parallel to each other and coating 4 cm with a gel electrolyte (PVA-H 3 PO 4 1:10), which was dried at room temperature. For electrochemical testing, this device was connected at the electrolyte-free ends and characterised by cyclic voltammetry and galvanostatic charge discharge cycling in both straight and bent positions. The fabricated device is quasi-solidstate since it contains a gel polymer electrolyte, however in this manuscript we will omit the term quasi for simplification in agreement with many other authors.
Characterisation
Electrochemical measurements were performed using the following potentiostats: Gamry where I, t d , m and ΔV are the applied current, the discharge time, the total mass of the fibre (including the non-capacitive materials) and the potential window, respectively. Equation (1) was also used to calculate the capacitance of the solid-state supercapacitor however; m was the total mass of the two fibres. The mass of the fibres was determined using a Sartorius MC5 microbalance. They were weight before and after the incorporation of either MnO 2 or PEDOT:PSS in order to know the amount of the incorporated pseudo-capacitive materials.
The content of carbon nanomaterials into the fibre (70%) was determined by thermogravimetric analysis. The fibre active materials were in the range 70-98% depending on the conditions employed.
Fibre morphology was evaluated using a JEOL USA JSM-7100F Analytical Field Emission
Scanning Electron Microscope (SEM). Samples were mounted on a stainless steel stub and connected to it with silver paint. The diameters of the fibres, in the 30-35 m range, were measured during inspection of fibre cross sections by SEM. Raman spectroscopy of fibres was measured using a Renishaw Systems 2000 Raman Microscope. A 514 nm green laser was used and measurements were performed at 50x magnification. Powder X-ray diffraction (XRD) profiles were measured on a PANalytical X'Pert Pro PW3179 diffractometer using
CuK and an X'Celerator detector. X-ray photoelectron spectroscopy (XPS) measurements were performed with a PHI 5600 multitechnique system. The binding energies (BE) of the XPS signals of all species have been corrected by assuming C1s signal at 284.6 eV. Dynamic mechanical analysis was performed using a TA Instruments DMA Q800 equipment.
Electrical conductivity was evaluated by the four-probe method, where a constant current was applied and the resultant voltage measured by a Keithley 2001 multimeter.
Thermogravimetric analyses (TGA) were performed employing a TA Instruments TGA Q500 equipment from room temperature to 900 ˚C at 10 ˚C/min in air.
RESULTS AND DISCUSSION
Preparation of dispersions and carbon-based fibres
Carbon black (CB), carbon nanotube (CNT) and mixed CB/CNT-based fibres were prepared by wet spinning dispersions of these carbon nanomaterials with sodium dodecyl benzene sulfonate into a coagulation bath. A range of optimisation studies were carried out to determine the best dispersions for fibre spinning. The concentration of nano-carbons in the dispersion was kept constant at 0.1 wt. % and within this the ratio of carbon black to carbon nanotubes was varied as detailed below (see Figure 1 ). The concentration of the dispersant (SDBS) was optimised by modifying the SDBS/carbon ratio from 0.5 to 2. Finally the pH of the dispersions was modified between values of 1.5 and 4.5, with a pH of 1.5 and a SDBS/carbon ratio of 1.5 giving the best electrochemical properties (data not shown). Figure   1 shows a picture of such a dispersion illustrating how homogenous these dispersions are.
During optical imaging, neither macroscopic nor microscopic aggregates were observed in any of the dispersions prepared. The 7 dispersions detailed in Figure 1 were wet spun into fibres by injection into rotating coagulation baths containing the biopolymer chitosan (Figure 2 top left), which has previously been shown to be an effective coagulant [21] . Fibres were successfully spun from all dispersions and could be made in lengths of metres at a time. Following spinning, the fibres were washed and dried under ambient conditions.
Fibre structural characterisation
SEM images of fractured cross sections of the fibres made from dispersions of 100% CB, Cyclic voltammetry and galvanostatic charge-discharge measurements were carried out in order to determine the capacitance of the composite fibres A-G ( Figure S1 , S2 and S3). The charge storage mechanism of these fibres is electrochemical double layer capacitance, which is based on the interfacial double-layer of high specific area carbons [22, 23] . Substituting part of the CNT content with CB increased the capacitance of these fibres by up to a factor of 2.5, however despite this increase, these capacitance values remain low (12.1 F g -1 for Fibre F) in comparison to other carbon-based fibres [5] .
Incorporating pseudocapacitive materials in CB/CNT fibres
Pseudocapacitive materials offer higher specific capacitance than carbons as a result of their redox reactions. Among them, transition metal oxides show the highest capacitance values to date. Manganese oxides were selected as active electrode materials because of their high theoretical specific capacitance of 1370 F g -1 [24] . The reversible redox reactions occurring between the MnO 2 on the electrode and the ions in the electrolyte allows Faradaic charge transfer to take place, thereby enhancing the capacitive properties of the fibres. Therefore, in order to improve the capacitive properties of the composite fibres, they were treated with potassium permanganate with a view to reducing the permanganate to an oxide of manganese on the fibre. This reaction was carried out on Fibre F for times varying between 5 and 60 minutes. Fibre F was chosen because it exhibited the best electrical and electrochemical properties among Fibres A-G. composite fibre can be seen in Figure 4G . In addition to the peak corresponding to the CNTs, broad peaks attributed to MnO 2 can be observed at 2θ values of 37, 42 and 66 [25] .
Compared to previously published XRD spectra of MnO 2 this spectrum of the CB/CNT/MnO 2 composite fibre showed very broad peaks which suggests a poorly crystalline manganese dioxide phase in our fibres [26] [27] [28] .
Raman spectroscopy is useful for analysis of materials exhibiting poor crystallinity. The
Raman spectrum of the CB/CNT/MnO 2 composite fibre can be seen in Figure 4H . Two strong peaks measured at 1336 cm -1 and 1574 cm -1 are associated with the disorder (D-band) and the tangential mode vibrations (G-band) of carbon respectively [29] . Moreover, a sharp peak at 615 cm -1 is observed, which is characteristic of the spinel structure of manganese oxides and is attributed to the stretching mode of MnO 6 octahedra [30, 31] . Some other weaker peaks are observed in the wavenumber range 300-600 cm [25, 32] . Thus, from RAMAN spectroscopy it seems that no other manganese species (with very characteristic RAMAN spectra like MnOOH) [33] are present. However, fibres were also analysed by X-ray photoelectron spectroscopy (XPS) to corroborate RAMAN findings. Figure 4I shows that the bending energy separation between the Mn 2p 1/2 and 2p 3/2 doublet peaks is 11.8 eV, in agreement with the reported energy for MnO 2 [34] . However, metal oxide specific capacitance depends on electrical conductivity, morphology, and particle size [36] . Since the electrical conductivity of manganese oxides is typically low;
it shows a relatively low specific capacitance in comparison to its theoretical capacitance value. Creating a ternary composite system by incorporating another material such as a conducting polymer (e.g. polyaniline, polypyrrole, and PEDOT) can improve the specific capacitance [5] . PEDOT exhibits the highest electrical conductivity among these conducting polymers and also exhibits pseudocapacitance. Therefore, it was chosen for use in our composite fibres [37] . Cycling performance is another key factor for practical applications. Figure 5F compares the performance of the CB/CNT/MnO 2 and CB/CNT/MnO 2 /PEDOT:PSS fibres over 1,000
charge-discharge cycles, with the fibres exhibiting retention values of 80.2 ± 0.8 % and 85.1 ± 1.9 % respectively. Improved capacitance retention and fibre stability during cycling is observed with the PEDOT coating, in addition to an overall improved capacitance. The efficiency in our study is similar to those published for fibre electrodes obtained under more complex procedures.
Solid-state supercapacitor
The CB/CNT/MnO 2 /PEDOT composite fibre was assembled into a flexible solid-state supercapacitor device ( Figure 6A ). Two parallel fibres were coated with PVA-H 3 PO 4 gel electrolyte, which acts as both an electrolyte and an effective separator to prevent short circuiting the electrodes. The CV curves of the supercapacitor, both in a straight and bent position ( Figure 6B) are symmetrical even at 100 mV s -1 indicating good reversibility.
Almost identical CV curves are observed for the solid-state device that undergoes cyclic voltammetry while bent. [39] [40] [41] . The IR drop for the device is also higher than that observed for the fibres in liquid electrolyte, which can be attributed to the internal resistance caused by the gel electrolyte, since the ions move more slowly in the gel than in a liquid. Some alternatives are improving the ionic mobility of the ions in the gel or encapsulating the fibres in a liquid electrolyte.
Despite the IR drop, the specific capacitance value of this solid state device was measured as 51.3 F g -1 with good capacitance retentions of 84.2% in straight or 82.3% in bent positions after 1000 charge-discharge cycles ( Figure 6D ), which suggests no significant differences in the capacitance of the supercapacitor in straight or bent positions. The cyclic performance in this study is comparable with results in similar studies [6, 19] . Finally, the capacitance stability of the supercapacitor was evaluated after undergoing 1000 straight-bending cycles.
Galvanostatic charge-discharge cycles were recorded after bending the supercapacitor for 50, 100, 250, 500, 750 and 1000 times ( Figure 6E ). No significant change in the capacitance is observed after 1000 bending cycles (capacitance retention of 82.1%), suggesting a good electrochemical stability of the supercapacitor after repeated mechanical deformation making it interesting for wearable applications.
Considering the one-dimensional configuration of the electrodes, the longitudinal capacitance of this device is 338 F cm -1 which is greater than twice as high as a fibre supercapacitor based on graphene coated with MnO 2 , showing the benefit of the conducting PEDOT coating [42] . These flexible solid-state supercapacitor devices have competitive specific capacitance values and are made via simple solution-based processes. This allows fibre-based capacitors to be fabricated in a straightforward continuous process, which is amenable to scale-up, without the need for separate electrochemical deposition steps, or complex multi-step moulding procedures.
CONCLUSION
In summary we have successfully fabricated fibre-based supercapacitors by wet-spinning combined with simple solution-based processes that can be included in the wet-spinning procedure. Fibres were initially wet-spun from CNT-carbon black dispersions, followed by chemical reduction to give MnO 2 and finally dip-coating with PEDOT:PSS. These ternary composite fibre electrodes exhibit a high capacitance (351 F g -1 ) benefitting from the synergistic effect of the pseudocapacitance of the metal oxide and the electrical conductivity of the conducting polymer. A symmetric solid-state device assembled from two composite electrodes shows a specific capacitance of 51.3 F g -1 , good long term cyclability (84.2 % capacitance retention after 1000 cycles) and deformation cycling stability (82.1% capacitance retention after 1000 bending cycles).
